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The sedolisin family of proteolytic enzymes (now iden-

tified in the MEROPS database [1] as S53) was initially

known as pepstatin-insensitive acid peptidases [2,3].

However, recent crystallographic and modeling studies

revealed that the sedolisins (sedolisin, kumamolisin,

kumamolisin-As, and CLN2) have an overall fold that

is very similar to that of subtilisin [4–8]. The active

sites of these enzymes contain a unique catalytic triad,

Ser-Glu-Asp, in place of the canonical Ser-His-Asp

triad of the classical serine peptidases. In the latter

case, the Ser and His residues act as nucleophilic and

general acid ⁄base catalysts, respectively [9,10]. The Asp

residue of the catalytic triad of sedolisins, although

conserved in its nature, originates from a different part
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Kumamolisin-As is an acid collagenase with a subtilisin-like fold. Its active

site contains a unique catalytic triad, Ser278-Glu78-Asp82, and a putative

transition-state stabilizing residue, Asp164. In this study, the mutants

D164N and E78H ⁄D164N were engineered in order to replace parts of the

catalytic machinery of kumamolisin-As with the residues found in the

equivalent positions in subtilisin. Unlike the wild-type and D164N pro-

enzymes, which undergo instantaneous processing to produce their 37-kDa

mature forms, the expressed E78H ⁄D164N proenzyme exists as an equili-

brated mixture of the nicked and intact forms of the precursor. X-ray crys-

tallographic structures of the mature forms of the two mutants showed

that, in each of them, the catalytic Ser278 makes direct hydrogen bonds

with the side chain of Asn164. In addition, His78 of the double mutant is

distant from Ser278 and Asp82, and the catalytic triad no longer exists.

Consistent with these structural alterations around the active site, these

mutants showed only low catalytic activity (relative kcat at pH 4.0 1.3% for

D164N and 0.0001% for E78H ⁄D164N). pH-dependent kinetic studies

showed that the single D164N substitution did not significantly alter the

logkcat vs. pH and log(kcat ⁄Km) vs. pH profiles of the enzyme. In contrast,

the double mutation resulted in a dramatic switch of the logkcat vs. pH

profile to one that was consistent with catalysis by means of the Ser278-

His78 dyad and Asn164, which may also account for the observed liga-

tion ⁄ cleavage equilibrium of the precursor of E78H ⁄D164N. These results

corroborate the mechanistic importance of the glutamate-mediated catalytic

triad and oxyanion-stabilizing aspartic acid residue for low-pH peptidase

activity of the enzyme.

Abbreviations

IQF, internally quenched fluorogenic.
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of the structure compared with the Asp residue of clas-

sical serine peptidases and is thus topologically differ-

ent. Moreover, sedolisins contain an Asp residue in the

‘oxyanion hole’, which replaces Asn155 of the classical

subtilisin-like proteases [11]. The role of that structural

element, which is not actually a true cavity in either

subtilisins or sedolisins, is to stabilize the negative

charge that develops during cleavage of the peptide

bond. These structural observations strongly suggest

that sedolisins are essentially serine peptidases, and the

occurrence of a glutamic acid residue in their catalytic

triad, as well as of an aspartic acid residue in the oxy-

anion hole, must be closely related to the preference of

their catalytic activity for acidic pH. Moreover, recent

biochemical and crystallographic studies have provided

strong evidence that mature forms of these enzymes

are produced from their precursors by intramolecular

cleavage [12,13].

Kumamolisin-As is a recently discovered member of

the sedolisin family, identified by Tsuruoka et al. in the

culture filtrate of a thermoacidophilic soil bacterium

Alicyclobacillus sendaiensis strain NTAP-1 and initially

named ScpA [14,15]. It is the first known example of

an acid collagenase from the sedolisin family. It is

encoded as a 57-kDa precursor protein consisting of an

N-terminal prodomain [15] (Met1p-Ala189p; residue

numbers of the prodomain are designated with the

suffix ‘p’) and a catalytic domain (Ala1-Pro364; resi-

dues in the mature catalytic domain are numbered

without a suffix where unambiguous, and with the suf-

fix ‘e’ otherwise) (Fig. 1). We have previously deter-

mined the crystal structure of the mature form of this

enzyme to clarify the structural basis for the preference

of the enzyme for collagen [7]. As in kumamolisin, the

catalytic triad of kumamolisin-As is formed from

Ser278, Glu78, and Asp82. The side chains of these res-

idues are connected by short hydrogen bonds which are

extended out to two additional residues, Glu32 and

Trp129 [6,7]. The oxyanion hole is created in part by

the side chain of Asp164. The structure of the E78H

mutant was also solved previously and compared with

that of the wild-type enzyme [7]. In the work presented

here, the mutagenesis studies were designed to bring

the pH optimum of kumamolisin-As closer to the

optima found for the subtilisins, by engineering the

mutants D164N and E78H ⁄D164N. X-ray crystallo-

graphic analyses of these mutants revealed that they

have altered hydrogen-bond networks in their active

site and, consistent with these observations, exhibit low

enzyme activities. Specifically, the E78H ⁄D164N

mutant displayed significantly altered behavior with

respect to the processing of its precursor and the pH-

dependent kinetics, which appeared to be mediated by

the Ser278-His78 dyad and by Asn164. The results, in

turn, corroborate the mechanistic importance of the

glutamate-mediated catalytic triad and an aspartic acid

residue in the oxyanion hole of sedolisins for their low-

pH peptidase activity.

Results

Processing and purification of mutants

The D164N and E78H ⁄D164N mutants were overex-

pressed in Escherichia coli cells under the control of

the T7 promoter. The E78A ⁄D164N and E78Q ⁄
D164N mutants were also created to compare their

properties with those of E78H ⁄D164N. All of these

single and double mutants of kumamolisin-As were

produced as soluble proteins.

The expressed D164N mutant was identified in its

37-kDa mature form in the crude extract (before heat

treatment) and purified to homogeneity (Fig. 2A) after

heat treatment (at pH 4.0 and 55 �C for 3 h), followed

by anion-exchange chromatography at pH 7.0, as in

the case of the wild-type enzyme (Fig. 2A) [7,15].

In contrast, SDS ⁄PAGE of the crude extract of

transformant cells overexpressing the E78H ⁄D164N

mutant showed that the expressed product gave two

major protein bands with molecular masses of 38 kDa

and 19 kDa (Fig. 2A), along with a small amount of

its 57-kDa precursor form, each identified by automa-

ted Edman degradation (five cycles). The stoichiometry

of these 38-kDa and 19-kDa proteins was determined

by scanning densitometry of Coomassie blue-stained

bands in the SDS ⁄polyacrylamide gel and appeared to

be 1 : 1, after normalization for molecular mass. The

N-terminal amino-acid sequences of these major pro-

teins were Phe-Arg-Met-Gln-Arg- for the 38-kDa spe-

cies and Ser-Asp-Met-Glu-Lys- for the 19-kDa species,

strongly suggesting that respective protein bands

Fig. 1. Schematic representation of the structure of the precursor

of kumamolisin-As, consisting of an N-terminal propeptide (white

rectangle), the linker part (gray rectangle), and the mature form of

the enzyme (black rectangle). Sizes of the related cleavage prod-

ucts are those estimated from the deduced amino-acid sequences

and are shown with double-headed arrows. Cleavage sites are

shown below the rectangle.
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corresponded to that of the mature form and the

N-terminal propeptide of the E78H ⁄D164N mutant

[15]. The 38-kDa protein could not be separated from

the 19-kDa and 57-kDa proteins by anion-exchange

chromatography at pH 7.0 but could only be isolated

by hydroxyapatite chromatography at pH 4.3. The

19-kDa protein was isolated by ultrafiltration under

denaturing conditions, followed by renaturation. When

equimolar amounts of the isolated 38-kDa and 19-kDa

proteins were mixed and subjected to nondenaturing

PAGE, these proteins comigrated with each other,

showing a broad protein band that differed from the

respective original bands and almost coincided with

the band of the 57-kDa precursor (Fig. 2B). These

results strongly suggest that the mutant existed as a

nicked precursor, with the scissile site being between

His172p and Phe173p (Fig. 1), and the N-terminal

19-kDa fragment was noncovalently associated with

the 38-kDa mature form. Unlike the E78H ⁄D164N

mutant, however, both the E78A ⁄D164N and

A B C

Fig. 2. PAGE analyses of the wild-type and mutants of kumamolisin-As. Arrows indicate the direction of electrophoresis. Open circles, open

squares, and open triangles indicate the bands of the 38-kDa mature form, the 19-kDa propeptide, and the 57-kDa proenzyme of the

E78H ⁄D164N mutant, respectively. (A) SDS ⁄ PAGE of the wild-type (WT), D164N mutant (D164N), the E78H ⁄D164N double mutant

(E78H ⁄D164N), the E78A ⁄D164N double mutant (E78A ⁄D164N), and the E78Q ⁄D164N double mutant (E78Q ⁄D164N). Lanes a, the crude

extract of E. coli cells expressing the respective enzymes (4 lg each); lanes b, the supernatant solution obtained after the incubation of the

crude extracts at pH 4.0 and 55 �C for 3 h (2 lg each); lanes c, purified mature forms of enzymes (0.3 lg each); lane M, marker proteins.

Proteins were stained with Coomassie brilliant blue. The apparent molecular masses estimated on the basis of electrophoretic mobility of

the mature forms and the proenzyme in SDS ⁄ PAGE were larger than the values calculated from the deduced amino-acid sequences. This

arises from the anomalously low electrophoretic mobility of the enzyme in SDS ⁄ PAGE, which is probably due to the relatively high contents

of acidic amino-acid residues in the enzyme [15]. (B) SDS ⁄ PAGE (upper panel) and nondenaturing PAGE (lower panel) analyses of the

E78H ⁄D164N mutant and related proteins. Lanes a, the purified 38-kDa mature form; lanes b, the isolated 19-kDa propeptide; lanes c, equi-

molar amounts of the purified 38-kDa mature form and the isolated 19-kDa propeptide are mixed; lanes d, the purified proenzyme (a mixture

of the nicked and intact forms of the precursor). Proteins were detected by silver staining. The band of the 38-kDa mature form is smeared

in nondenaturing PAGE (lower panel, lanes a and c). For details of purification of the 38-kDa mature form, 19-kDa propeptide, and proen-

zyme, see Experimental procedures. (C) The purified 19-kDa propeptide (lane a) was incubated with an equimolar amount of the 37-kDa

mature form of the wild-type enzyme (lane c) at pH 4.0 and 50 �C for 10 min. The resulting mixture (lane b) was subjected to SDS ⁄PAGE.
Proteins were stained with Coomassie brilliant blue.
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E78Q ⁄D164N mutants were completely inactive and

existed as their 57-kDa precursor form even after heat

treatment (Fig. 2A). In contrast, when equimolar

amounts of the 19-kDa protein and the wild-type

37-kDa mature form were incubated at pH 4 and

50 �C for 10 min and then subjected to SDS ⁄PAGE,

the 19-kDa band disappeared, whereas the 37-kDa

band remained (Fig. 2C).

During the course of our attempts to separate the

38-kDa mature form of the E78H ⁄D164N mutant

from the 19-kDa propeptide, we unexpectedly observed

that incubation of the nicked form of the precursor at

pH 7.0 at 4 �C resulted in a time-dependent enhance-

ment of the 57-kDa band with a concomitant diminu-

tion of the 38-kDa and 19-kDa bands, as analyzed by

SDS ⁄PAGE (Fig. 3A). The 38-kDa and 19-kDa bands

did not disappear completely after prolonged incuba-

tion (up to 24 h), and the ratio of band intensities of

these three proteins eventually became constant. Auto-

mated Edman degradation of the 57-kDa species

yielded a single amino-acid sequence, Ser-Asp-Met-

Glu-Lys-, indicating that the 19-kDa protein was

ligated to N-terminus of the 38-kDa protein. More-

over, when the resulting mixture was dialyzed over-

night at 4 �C against 0.05 m sodium acetate buffer,

pH 4.0, the 57-kDa band diminished whereas the

38-kDa and 19-kDa bands were enhanced (Fig. 3A,

lane c). These observations suggest that, at pH 7.0, the

38-kDa and 19-kDa proteins can be reversibly ligated

with each other to produce the full-length precursor

and the ligation reaction was at equilibrium under the

conditions. The rate of the formation of the full-length

precursor was not enhanced when the nicked precursor

was incubated at pH 7.0 and 4 �C with the 38-kDa

A

B

C

Fig. 3. SDS ⁄ PAGE analyses of ligation ⁄ cleavage process in the 57-kDa precursor of the E78H ⁄D164N mutant. (A) The course of ligation in

the nicked precursor and cleavage of the ligated product were analyzed as described in Experimental procedures. Lanes a, the nicked precur-

sor in 50 mM sodium acetate buffer, pH 4.0 (left) was incubated in the same buffer at 4 �C for 24 h (right). Lanes b, the nicked precursor

was incubated at pH 7.0 and 4 �C for indicated periods of time. Lane c, the nicked precursor was incubated at pH 7.0 and 4 �C for 24 h and

then dialyzed overnight at 4 �C and pH 4.0. (B) Effects of addition of different amounts of the 38-kDa mature form (s) and the wild-type

enzyme (d) on the rate of ligation. Catalytic and substoichiometric amounts (molar ratio of 0.01 and 0.1, respectively) of these proteins were

incubated with the nicked precursor at pH 7.0 and 4 �C for 6 h, followed by SDS ⁄ PAGE. The rate of ligation was estimated from percentage

intensity of the band of the 57-kDa protein in a total of intensities of the 57-kDa, 38-kDa and 19-kDa bands, where the intensity of the

38-kDa protein band was corrected for the amounts of the added proteins with similar sizes. The rates of ligation in the absence of added

proteins were taken as 100%. The mean of the values of three independent experiments is shown with standard errors. (C) The pH-depend-

ence of the ligation process. Upper panel shows SDS ⁄ PAGE analysis of the pH-dependence of the ligation process. For details, see Experi-

mental procedures. Lower panel, the band intensities of the 57-kDa band in the upper panel were plotted against the incubation pH.

Kumamolisin-As with an engineered active site A. Okubo et al.

2566 FEBS Journal 273 (2006) 2563–2576 ª 2006 FEBS No claim to original US government works



mature form of the E78H ⁄D164N mutant (molar ratio

1 : 100–1 : 10) or the wild-type enzyme (molar ratio

1 : 100–1 : 10) (Fig. 3B). Incubation with the crude

extract of E. coli cells (50 lg protein) also did not

enhance the rate of formation of the full-length precur-

sor (data not shown). These results strongly suggest

that the ligation process does not arise from catalytic

action of these additives, but takes place in an intra-

molecular manner between the noncovalent complex of

the prosegment and mature enzyme. Formation of the

full-length precursor was not observed when the acid-

treated supernatant containing the expressed wild-type

enzyme, D164N, or E78H was allowed to stand over-

night at pH 7.0 and 4 �C (not shown).

The pH-dependence of the ligation process was

examined over the pH range 2.5–9.0 at 4 �C by

SDS ⁄PAGE using the nicked precursor of the

E78H ⁄D164N mutant. Only a very low level of liga-

tion took place at pH 2.5–4.7, so that the mutant pre-

cursor stably existed as its nicked form under acidic

conditions. At pH above 5.1, the rate of ligation was

higher, increasing with pH until it became constant at

pH 6.9–7.4 (Fig. 3C). At pH 9.0, the rate of ligation

was lower than that at pH 7.4, probably because of

the instability of the enzyme under alkaline conditions

(see Experimental procedures).

The active site

The 37-kDa and 38-kDa mature forms of D164N and

E78H ⁄D164N, respectively, were subjected to X-ray

crystallographic studies. Crystals of the D164N mutant

of kumamolisin-As were fully isomorphous with those

of the uninhibited wild-type enzyme and of the E78H

mutant, and the structures are very similar (r.m.s.d.

0.264 and 0.312 Å for 350 Ca pairs). Crystals of the

E78H ⁄D164N mutant are completely different and

contain two independent molecules in the asymmetric

unit. These two molecules can be superimposed, with

r.m.s.d. 0.15 Å for 338 Ca pairs; arbitrarily, molecule

A (Fig. 4A) is used for the comparisons described

here. This difference in crystal types makes it possible

to separate the influence of lattice forces from the

mutation effects.

The electron density corresponding to the active site

is excellent in all structures (Fig. 4B). The conforma-

tion of His78 is virtually identical in the single and

double mutants involving this residue (Fig. 5B,D). In

both cases, the side chain is removed from the vicinity

of Ser278 and Asp82 and the catalytic triad does not

exist in the observed structures. The position of His78

is stabilized by a short hydrogen bond with the Oc of

Ser128; that atom is, in turn, also hydrogen-bonded to

Od1 of Asp82. Surprisingly, the catalytic Ser278 makes

direct hydrogen bonds with the side chain group of

Asn164 in both the D164N and E78H ⁄D164N mutants

of kumamolisin-As (Fig. 5C,D). The distance between

the parent atoms is 2.82 Å in the D164N mutant and

3.34 Å in the E78H ⁄D164N mutant, with the torsion

angles of the residues being virtually identical. This is

in contrast with a water-mediated interaction between

the serine and the carboxy group of Asp164, observed

A B

Fig. 4. The structure of kumamolisin-As and its active site. (A) Backbone tracing of the E78H ⁄D164 double mutant, with the active-site resi-

dues shown by stick representation. (B) 2Fo-Fc omitmap electron density calculated with phases obtained from a model from which the

active-site residues were removed, contoured at 1r level.

A. Okubo et al. Kumamolisin-As with an engineered active site
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in both the wild-type and E78H enzyme (Fig. 5A,B).

Although it is not possible to distinguish between the

Od1 and Nd2 of Asn164 directly, analysis of the

hydrogen-bonded networks indicates that the latter

atom serves as a hydrogen-bond donor and Ser278 is

an acceptor.

In the structures of the wild-type kumamolisin-As

and two of its mutants, the conformation of the cata-

lytic Ser278 is quite similar, with the side chain torsion

angle v1 of )78 � in the wild-type enzyme, )33 � in

D164N, and )41 � in the E78H ⁄D164N mutant. In

contrast, this torsion angle is 74 � in the structure of

the E78H mutant, and, in that case, the Oc atom

of Ser278 interacts only with two water molecules. One

of them is a highly conserved water (Wat570) which is

also bound to the main chain carbonyl of Gly275, and

the other is Wat648, which mediates an interaction

with the carboxylate group of Asp164 (Fig. 5B).

Wat786, an equivalent of Wat648 found in the wild-

type structure, has a considerably higher temperature

factor, yet it also mediates the interactions between

Ser278 and Asp164. Thus the introduction of an aspa-

ragine instead of an aspartic acid into the oxyanion

hole had the unexpected result of shifting the side

chain of residue 164 closer to the catalytic serine and

eliminating the water molecule that mediated their

contact in the wild-type enzyme. It is clear that this

interaction is not influenced by whether residue 78 is a

Glu or a His, as both the D164N and E78H ⁄D164N

mutants make similar interactions.

pH-dependent kinetic studies

Kinetic parameters of the mature forms of

D164N and E78H ⁄D164N for hydrolysis of the

internally quenched fluorogenic (IQF) substrate, NMA-

MGPH*FFPK-(DNP)dRdR {[2-(N-methylamino)

benzoyl]-l-methionyl-glycyl-l-prolyl-l-histidyl-l-phenyl-

alanyl-l-phenylalanyl-l-prolyl-(Ne-2,4-dinitrophenyl)-l-

lysyl-d-arginyl-d-arginine amide}, were determined at

pH 4.0 and 40 �C, and the results are compared in

Table 1 with the previously reported values obtained

for the wild-type enzyme and for the E78H mutant.

As observed with the E78H substitution, both the

single D164N and the E78H ⁄D164N double substitu-

tions caused significant loss of enzyme activity (kcat
1.3% and 0.0001% of that of the wild-type enzyme,

respectively).

Fig. 5. Close-up view of active sites, with

marked distances between hydrogen-

bonded groups. (A) Uninhibited wild-type

kumamolisin-As; (B) E78H mutant; (C)

D164N mutant; (D) E78H ⁄D164 double

mutant.
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The kinetic parameters for the wild-type enzyme,

E78H, D164N, and E78H ⁄D164N were also deter-

mined over the pH range 2.5–8.0 (Fig. 6), at which

enzyme stability is maintained under the assay condi-

tions. For the wild-type enzyme, the pH-dependence of

the log(kcat ⁄Km) value showed a bell-shaped profile

with apparent pKa values of 3.8 and 5.8, whereas the

logkcat vs. pH profile displayed a profile with slope ¼
)1 which leveled off at low pH values with an appar-

ent pKa of 5.9 (Fig. 6A). The kcat ⁄Km and kcat values

of E78H were essentially independent of pH in the pH

range used here (Fig. 6B). The logkcat vs. pH and

log(kcat ⁄Km) vs. pH profiles of D164N were similar to

those of the wild-type enzyme, although a shift in an

apparent pKa to 6.6 was observed in the log(kcat ⁄Km)

vs. pH profile (Fig. 6C). In contrast, the logkcat vs. pH

of E78H ⁄D164N displayed a sigmoidal profile with an

apparent pKa of 7.0 (Fig. 6D), which is reminiscent of

that of subtilisin. [It is highly unlikely that the

observed very weak peptidase activity of the purified

E78H ⁄D164N mutant arose from contamination by

activities of E. coli proteinases, because the control

experiment showed the absence of any proteinase

activity in the supernatant of the acid-treated crude

extract of E. coli cells harboring the plasmid without

an inserted DNA (see Experimental procedures). The

observed intramolecular ligation ⁄ cleavage process of

the E78H ⁄D164N precursor also corroborates the very

weak activity of the mutant (see Discussion).] How-

ever, the double mutant was unable to act on benzyl-

oxycarbonyl-l-alanyl-l-alanyl-l-leucine p-nitroanilide,

a substrate that has often been used for subtilisin

assays [16].

Discussion

Mutants of kumamolisin-As were created in order to

change the pH optimum of this enzyme and to evalu-

ate the reasons for the similarity and differences in its

mechanism compared with subtilisin. A residue in the

putative oxyanion hole (Asp164) and one of the resi-

dues in the catalytic triad (Glu78) were mutated singly

and as a pair. It must be stressed that we did not aim

to create a truly subtilisin-like active site, as Asp82,

the residue of the triad that is conserved in its nature

but is topologically different in these two classes of

peptidases, was not mutated. X-ray crystallographic

analyses of these mutants, D164N and E78H ⁄D164N,

revealed that they have altered hydrogen-bond net-

works in their active site. Consistent with these obser-

vations, both mutants exhibited low enzymatic

activities. However, the fate of the N-terminal propep-

tide produced after processing and the pH-dependent

kinetic behavior were different for different mutants.

Despite the fact that the purified 38-kDa mature

form of the E78H ⁄D164N mutant showed only very

low activity (kcat 0.00045 s)1 at pH 4.0 and 40 �C), the
observed processing of the mutant can consistently be

explained in terms of intramolecular (unimolecular)

cleavage of the precursor, in which a molecule of the

mutant cleaves its own propeptide, as proposed for

some sedolisins including kumamolisin [12,13]. The

intramolecular cleavage is completed as a single turn-

over process, and the E78H ⁄D164N mutant is estima-

ted to be capable of operating once per � 2200 s

(� 37 min) (at pH 4 and 40 �C), hence, the present

conditions of bacterial cultivation through enzyme

purification are sufficient for this cleavage to take

place. These considerations also corroborate the

observed instantaneous transformation of precursors

of the wild-type and D164N mutant into their 37-kDa

forms. It is likely that the N-terminal propeptide func-

tions as an intramolecular chaperone to facilitate the

correct folding of the nascent polypeptide chain of

the precursor [3,13]. For the wild-type enzyme and the

D164N mutant, the full-length precursor, once cor-

rectly folded, instantaneously cleaves the peptide bond

between His172p and Phe173p by themselves. The

resulting 19-kDa fragment must be released from the

mature form and immediately degraded through mul-

tiple attack by the mature form, judging from the fact

that the incubation of the 19-kDa propeptide with the

wild-type enzyme at pH 4 and 50 �C (growth condi-

tions of the strain NTAP-1, the kumamolisin-As-pro-

ducing bacterium) resulted in immediate degradation

of the propeptide (see Results). As the mature form of

the wild-type enzyme is found to start with Ala1e [15]

Table 1. Kinetic parameters of kumamolisin-As mutants. Parame-

ters are those for enzymatic hydrolysis of NMA-MGPH*FFPK-

(DNP)DRDR catalyzed by mature forms of the respective enzymes

at pH 4.0 and 40 �C. Values in parentheses indicate relative per-

centage of kcat and kcat ⁄ Km values of mutants, with those of wild-

type enzyme taken to be 100%. For E78H ⁄D164N, a mixture of

the nicked and intact forms of the precursor could also be obtained

(see Results section), but was unable to process the IQF substrate.

Mutant kcat (s
)1) Km (lM)

kcat ⁄ Km

(s)1ÆlM)1)

Wild-typea 395 ± 7 (100) 1.0 ± 0.2 395 (100)

E78Ha 0.033 ± 0.006 (0.008) 0.7 ± 0.2 0.047 (0.012)

D164N 5.3 ± 0.2 (1.3) 0.8 ± 0.1 6.6 (1.7)

E78H ⁄D164N 0.00045 ± 0.00005 (0.0001) ndb ndb

aValues are quoted from [7]. bKm values could not be determined

because, owing to the extremely low catalytic activity, the assay of

this mutant required high concentration of the mutant (e.g.

150 nM), which was not significantly lower than the substrate con-

centration used in the kinetic studies.
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Fig. 6. Effects of pH on log(relative kcat) (upper panels) and log(relative kcat ⁄ Km) (lower panels) of hydrolysis of NMA-MGPH*FFPK-

(DNP)DRDR by wild-type kumamolisin-As (A), E78H (B), D164N (C), and E78H ⁄D164N (D). Standard errors of kinetic data were within ±

20%. The experimental conditions were as described in Experimental procedures.
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(or with Thr4e [7]), the linker part (Fig. 1) must be

further truncated, probably by E. coli peptidases [13].

In contrast, because of its very low catalytic activity,

the E78H ⁄D164N mutant cannot degrade the 19-kDa

propeptide, which remained noncovalently associated

with the mature form. These analyses suggest that, in

the intracellular milieu (pH � 7) of E. coli, the

expressed E78H ⁄D164N mutant exists as an equili-

brated mixture of the nicked and intact forms of the

precursor, alternating ligation and cleavage in an intra-

molecular manner. It is also plausible that the nicked

form of the precursor escapes truncation of the linker

part by the E. coli proteinases.

Previous structural and mutagenesis studies of

kumamolisin, which is 93% identical with kumamol-

isin-As in its primary structure, showed that substitu-

tion of Asp164 by Ala abolished the catalytic activity

of the enzyme, which was thus unable to be autoacti-

vated and remained as its 57-kDa precursor [6]. This,

along with the fact that Asp164 is located at the oxy-

anion hole, suggested that Asp164 is involved in stabil-

ization of the transition-state oxyanions that develop

during catalysis [7]. Moreover, recent computational

studies of kumamolisin-As catalysis using quantum

mechanical ⁄molecular mechanical molecular dynamics

simulations predicted that, in the wild-type enzyme,

the transition-state oxyanions are stabilized by proton

transfer from Asp164, which thus acts as a general

acid ⁄base catalyst [17]. Therefore, this enzyme may

utilize a strategy of aspartic peptidase catalysis, in

addition to that of serine peptidase catalysis. Unlike

the case of Asp164Ala substitution in kumamolisin, a

low but appreciable level of catalytic activity was

found with the purified D164N mutant of kumamol-

isin-As. Structural analyses of the mutant showed that

the hydrogen bonds between Ser278 and Glu78 and

those between Glu78 and Asp82 exist, although the

mutated residue unexpectedly makes a hydrogen bond

with the side chain of Ser278. The presence of some

relatively short hydrogen bonds does not appear to be

an artifact of refinement, as indicated by the generally

high quality of the electron-density maps. These results

suggest that this perturbed catalytic machinery, with

an amide side chain at the oxyanion-binding site, are,

at least in part, capable of mediating peptidase cata-

lysis, although it did not operate in exactly the same

way as in the wild-type enzyme. The side chain of

Asn164 of D164N must be unable to fulfill the general

acid ⁄base role; however, it might be able to stabilize

the transition states in an alternative manner, i.e.

through polar interactions, as in the case of Asn155 of

subtilisins. It should be noted that the IQF substrate

used in the present enzyme assays possesses a histidine

at its P1 position, raising an alternative possibility that

the D164N mutant itself might be inherently inactive,

and the observed low catalytic activity of the mutant

might arise from substrate-assisted catalysis [18], where

a His at P1 from the substrate might interact directly

with the oxygen atom of the scissile peptide bond to

act as the general acid catalyst. However, this appears

to be unlikely, judging from the fact that the D164A

mutant of kumamolisin remains an inactive 57-kDa

precursor, with His172p located at P1 and unable to

assist autocatalytic activation [6]. The pH-dependences

of kcat and kcat ⁄Km values were similar to those of the

corresponding values of the wild-type enzyme. This

observation should not necessarily mean that Asp164

is unimportant in the preference of the catalytic activ-

ity for acidic pH because this mutant retains other

candidates that may be responsible for the preference

of the enzyme activity for acidic pH (e.g. Glu78). The

involvement of the b-amide hydrogen of the Asn164

residue in the catalysis of D164N as well as the

importance of Asp164 for the low-pH peptidase activ-

ity are also implicated from a comparison of the kin-

etic results obtained with E78H and E78H ⁄D164N

(see below).

The 38-kDa mature form of the E78H ⁄D164N

mutant was separated from the 19-kDa propeptide by

hydroxyapatite chromatography at pH 4.3. The His78

of the mutant is removed from the vicinity of Ser278

and Asp82 and the catalytic triad does not exist. The

catalytic triad was also absent in the crystal structure

of the single E78H mutant [7]. In both of these

mutants, it is possible to create a strong hydrogen

bond between Ser278 and His78 by changing only the

torsion angles of the side chains (without adjustment

of any main-chain parameters), but it is not possible

to adjust His78 in any way that would result in that

residue also making a hydrogen bond with Asp82. As

previously proposed for sedolisin [19] and for kuma-

molisin [6], the side chain of Glu78 of the wild-type

enzyme should be protonated at pH 3–4. Thus, the

His78 residues of E78H and E78H ⁄D164N are likely

to be protonated because the intrinsic pKa of the imi-

dazole group (6.0) of histidine is higher than that of

the c-carboxyl group (4.2) of glutamic acid. This

should at least in part explain why a hydrogen bond

between His78 and Ser278 cannot be created in these

mutants at pH 4. Thus, the very low catalytic activities

of E78H and E78H ⁄D164N must be due to the inabil-

ity of Ser278 to be activated at acidic pH. Importantly,

however, the E78H ⁄D164N mutant showed a small

increase in its peptidase activity at neutral pH. The kcat
values at neutral pH were 7–8 times higher than the

values at acidic pH, displaying an apparent pKa of
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� 7.0, which is reminiscent of the pH–activity profiles

of subtilisins and other classical serine peptidases. This

profile was distinct from those of the wild-type and

any other catalytically active mutants of kumamolisin-

As. Moreover, the fact that both the E78A ⁄D164N

and E78Q ⁄D164N mutants were completely inactive

indicates that the observed shift of the pH optimum

did not reflect general effects of amino-acid substitu-

tions, but specifically arose from the E78H ⁄D164N

double substitution. To the best of our knowledge, this

is the first example of the conversion of a peptidase

active at low pH to a peptidase active at neutral pH.

However, it is highly unlikely that the increase in activ-

ity at neutral pH is mediated by the Ser278-His78-

Asp82 triad in the mutant, judging from the fact that

no hydrogen bond between His78 and Asp82 was cre-

ated. More likely, this pH–activity profile arose from

catalysis mediated by a Ser278-His78 dyad at neutral

pH. The imidazolium group of His78 must be deproto-

nated at neutral pH to make a hydrogen bond with

the side chain of Ser278 and act as a weak general

base catalyst (without the help of Asp82), making an

inefficient surrogate of the c-carboxy group of Glu78

of the wild-type enzyme. Moreover, a comparison of

log kcat vs. pH profiles of the E78H and E78H ⁄D164N

mutants provides clues to understanding the import-

ance of peptidase catalysis of a hydrogen-donating

group(s) located at the oxyanion hole [9,10]. Unlike

for the E78H ⁄D164N mutant, the kcat value of the sin-

gle E78H mutant did not show any enhancement at

neutral pH values, probably because the side chain of

Asp164 of E78H would be in its carboxylate (– COO–)

form at neutral pH and unable to stabilize the oxyani-

on that develops during cleavage of the peptide bond.

In contrast, the c-amide hydrogen of the Asn164 resi-

due of E78H ⁄D164N may participate in stabilization

of the transition state, irrespective of the pH, so that

the E78H ⁄D164N mutant showed a small increase in

its peptidase activity at neutral pH. In addition, the

observed dramatic switch of pH-dependence of the kcat
value upon the E78H ⁄D164N substitution suggests

that the observed pKa value (5.9) of kcat of the wild-

type must arise from titration of Glu78 and ⁄or
Asp164. Elevated pKa values of these residues have

been predicted by Bode’s group on the basis of cluster-

ing of many acidic residues around these two

residues [6].

The observed ligation ⁄ cleavage of the E78H ⁄D164N

precursor was a reversible, pH-dependent, unimolecular

process, the pH profile of which resembles that of the

kcat vs. pH profile of the mutant. Cleavage of the pre-

cursor did not take place when His78 of this precursor

molecule was replaced by either alanine or glutamine.

Thus, this process appears to be consistently described

in terms of the dyad-mediated mechanism mentioned

above (Fig. 7). With the nicked form of the precursor

as the starting species (Fig. 7, step 1), His78, which fa-

vors its deprotonated form at neutral pH, activates

Ser278 to facilitate its nucleophilic attack on the carbo-

nyl carbon of the C-terminal carboxy group of the

associated 19-kDa propeptide, producing an oxyanion.

The His78 subsequently abstracts a proton from the

Fig. 7. Proposed mechanism of the ligation ⁄ cleavage process mediated by the His78-Ser278 dyad as well as Asn164 of the E78H ⁄D164N
mutant precursor. Thick lines indicate the polypeptide chain of the 38-kDa mature form of the mutant. C172p

a , C173p
a , and C364

a denote a car-

bons of His172p, Phe173p, and Pro364, respectively, and Im denotes the imidazole group of His78. NTPP, N-Terminal propeptide.
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N-terminal amino group of its own polypeptide (the

38-kDa mature protein), facilitating formation of the

C–N linkage between His172p and Phe173p. The side

chain of Asn164 must play an important role in stabil-

izing the transition-state oxyanions. With the intact

form of the precursor as the starting species (Fig. 7,

step 5), the reverse of this process would take place,

which corresponds to the single turnover process of the

mechanism proposed for the peptidase activity at neut-

ral pH as described above. The ratio of amounts of the

nicked vs. intact species would be determined by the

equilibrium of these forward and reverse reactions.

At acidic pH, the mutant protein must be in a differ-

ent protonation state, resulting in a shift of the equilib-

rium to that favoring cleavage. Although the

mechanistic details of the cleavage at acidic pH remain

to be clarified, a plausible mechanism is that the proto-

nated His78 acts as a general acid which donates a pro-

ton to the amide nitrogen of the peptide to destabilize

the amide bond. The resulting deprotonated form of

His78 activates Ser278 to facilitate its nucleophilic

attack on the carbonyl carbon, producing an oxyanion,

followed by amide bond cleavage. This single turnover

process could be extended to multiple turnover proces-

ses, which might account for the observed very weak

peptidase activity of the E78H ⁄D164N mutant at

pH 3–5 (Table 1 and Fig. 6D). The reverse process

must be unfavorable because the protonated His78

cannot induce the nucleophilic attack by Ser278 that

triggers peptide bond formation.

In conclusion, the observed switch of the pH-depend-

ent kinetic behavior upon the E78H ⁄D164N double

substitutions as well as the observed ligation ⁄ cleavage
equilibrium of the resulting precursor corroborate the

mechanistic importance of the glutamate-mediated cat-

alytic triad and aspartic acid residue located at the oxy-

anion hole that has been proposed from structural

studies of sedolisins for the preference of their catalytic

activity for acidic pH [4,5]. The grafted Asp-His-Ser

triad and oxyanion-stabilizing Asn residue were found

to function only incompletely, probably because this

canonical catalytic machinery could not fully be adap-

ted in the sedolisin scaffold. We are currently under-

taking additional studies in an attempt to obtain a

suppressor mutant of E78H ⁄D164N that exhibits

higher neutral peptidase activity.

Experimental procedures

Materials

The IQF substrate, NMA-MGPH*FFPK-(DNP)dRdR,

and benzyloxycarbonyl-l-alanyl-l-alanyl-l-leucine p-nitro-

anilide [16] were products of the Peptide Institute,

Osaka, Japan. An inhibitor, AcIPF (N-acetyl-isoleucyl-pro-

lyl-phenylalaninal), was synthesized as described previously

[19,20]. Restriction enzymes and other DNA-modifying

enzymes were purchased from TaKaRa Shuzo, Kyoto,

Japan or from Toyobo, Osaka, Japan. The plasmid pScpA,

which is a derivative of pET15b (Novagen, Madison, WI,

USA), was constructed as described previously [15] and was

used for the expression of the wild-type kumamolisin-As

gene. All other chemicals used were of analytical or sequen-

cing grade, as appropriate.

Mutagenesis, protein expression, and protein

purification

Construction of the plasmid pScpA ⁄E78H expressing the

active-site mutant E78H, in which glutamic acid was

replaced by a histidine, was as previously described [7,15].

The plasmids, pScpA ⁄E78H ⁄D164N and pScpA ⁄D164N,

expressing the E78H ⁄D164N and D164N mutants, were

constructed by in vitro mutagenesis of the plasmid

pScpA ⁄E78H (for pScpA ⁄E78H ⁄D164N) and pScpA,

respectively, using a QuickChange Mutagenesis Kit (Strata-

gene, La Jolla, CA, USA) according to the manufacturer’s

guidelines. Additional plasmids, pScpA ⁄E78A ⁄D164N and

pScpA ⁄E78Q ⁄D164N, which expressed the E78A ⁄D164N

mutant and the E78Q ⁄D164N mutant, respectively, were

created by PCR-based mutagenesis on pScpA ⁄D164N.

Individual mutations were verified by DNA sequencing on

both strands using a Dye-terminator Cycle Sequencing Kit

(Beckman Coulter, Fullerton, CA, USA) with a CEQ 2000

DNA analysis system (Beckman Coulter). Expression of

wild-type and mutated kumamolisin-As was carried out

essentially as described previously [15]. Purification of the

expressed product was completed at 0–5 �C, unless other-

wise stated. To avoid possible contamination of mutant

preparations with the wild-type enzyme activity during

purification, purification of the mutants was completed

first, followed by that of the wild-type enzyme. Moreover,

centrifugal ultrafiltration devices, microtubes, and test

tubes used during enzyme purification were discarded after

a single use. The wild-type enzyme was purified to homo-

geneity as described previously [7]. The D164N mutant

(the 37-kDa mature form) and the E78H ⁄D164N mutant

(a mixture of the nicked and intact forms of the precursor,

see the Results section) were purified to homogeneity

essentially as described for the wild-type enzyme, except

that a MonoQ HR10 ⁄ 10 column [7] was replaced by

disposable HiTrapQ columns (5 mL; Amersham Bioscienc-

es, Piscataway, NJ, USA) and a single HiTrapQ column

was exclusively used for purification of each mutant.

For purification of the 38-kDa mature form of the

E78H ⁄D164N mutant, the crude extract of the E. coli

transformant cells (prepared with 0.05 m sodium acetate

buffer, pH 4.0) was incubated at 55 �C for 3 h. After
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centrifugation, the supernatant was dialyzed at 4 �C over-

night against 5 mm KH2PO4 ⁄ acetate buffer, pH 4.3. The

protein solution was subjected to fast protein liquid chroma-

tography on a Macro-Prep Ceramic Hydroxyapatite (Type

I; particle size, 40 lm; Bio-Rad) column (10 · 100 mm) that

had previously been equilibrated with 5 mm KH2PO4 ⁄ acet-
ate buffer, pH 4.3. After extensive washing of the column

with the equilibration buffer, the 38-kDa mature form of

the mutant was eluted with a linear gradient of 5–360 mm

KH2PO4 in 45 min at a flow rate of 1.0 mLÆmin)1. During

purification, the mutant protein was identified by

SDS ⁄PAGE [21] and further confirmed by analyzing the N-

terminal amino-acid sequence [15] by automated Edman

degradation after electroblotting of protein bands in

SDS ⁄polyacrylamide gels to nitrocellulose membranes.

Nondenaturing PAGE was performed with a 7% gel by the

procedure of Davis [22]. SDS ⁄PAGE was carried out with a

10% gel by the method of Laemmli [21].

It should be noted that the acid treatment (at pH 4.0 and

55 �C for 3 h) of the crude extract of E. coli cells com-

pletely eliminated endogenous peptidases active at acidic

pH. This was confirmed as follows. The crude extract of

the E. coli BL21(DE3) host cells harboring pET15b (with-

out an inserted DNA) was acid-treated as described above,

followed by centrifugation, by which almost all of the

E. coli proteins were removed as a precipitate. The superna-

tant was dialyzed at 4 �C overnight against 50 mm potas-

sium phosphate buffer, pH 8.0, or 50 mm sodium acetate

buffer, pH 4.0. Incubation of the resulting solutions with

the IQF substrate, NMA-MGPH*FFPK-(DNP)dRdR

(final concentration, 20 lm) at 40 �C for 1 h caused no

detectable increase in fluorescence intensity.

Isolation of the 19-kDa propeptide of the

E78H/D164N mutant

To study the binding and ligation of the 19-kDa propeptide

to the 38-kDa mature form of E78H ⁄D164N (see the

Results section and Fig. 2B), we established a convenient

procedure for obtaining the homogeneous 19-kDa propep-

tide from the crude extract of the E. coli transformant cells

producing the E78H ⁄D164N precursor. The crude extract

(prepared with 50 mm sodium acetate buffer, pH 4.0) was

incubated at 55 �C for 3 h. After centrifugation, the super-

natant was concentrated by ultrafiltration with an Amicon

Ultra device (Millipore, Bedford, MA, USA) (10 kDa

molecular mass cut-off). The concentrate (100 lL) was

mixed with 900 lL 50 mm sodium acetate buffer, pH 4.0,

containing 8 m urea and allowed to stand overnight at room

temperature. The resulting solution was then subjected to

ultrafiltration with an Amicon Ultra device (30 kDa mole-

cular mass cut-off). The filtrate, which contained homo-

geneous 19-kDa propeptide, was dialyzed against 50 mm

sodium acetate buffer, pH 4.0. The 19-kDa propeptide could

be quantitatively recovered as its soluble, renatured form.

Crystallization

Crystals of uninhibited kumamolisin-As mutants D164N

and E78H ⁄D164N were prepared as described previously

[7]. Crystallization buffer contained 0.2 m ammonium

sulfate and 30% PEG8000 in deionized water, at pH 4.6.

Triclinic D164N crystals were isomorphous with the previ-

ously described crystals of the wild-type uninhibited kuma-

molisin-As and its E78H mutant and contained a single

molecule in the asymmetric unit. The E78H ⁄D164N mutant

crystallized in monoclinic space group P21 with two mole-

cules in the asymmetric unit, in a crystal form not described

previously for this enzyme.

X-ray crystallographic data collection and

structure refinement

Crystals were transferred to a cryogenic buffer containing

5% ethylene glycol, 0.2 m ammonium sulfate, and 30%

PEG8000. X-ray diffraction data were collected at 100 K

on a MAR345 detector mounted on a Rigaku H3R rota-

ting anode X-ray generator, operated at 50 kV and

100 mA. The reflections were integrated and merged using

the HKL2000 suite [23], with the results summarized in

Table 2. Data for the D164N mutant were refined directly

using the wild-type co-ordinates (PDB accession code

1SN7) to initiate the process. The structure of the

E78H ⁄D164N mutant was solved by molecular replacement

with the program AMoRe [24], with the 2.3 Å structure of

the E78H mutant [7] used as a search model. Two mono-

mers of the E78H ⁄D164N mutant were located in an asym-

metric unit with a correlation coefficient of 0.619 and

R factor of 37.1%. The structures were refined using the

program shelxl [25], by procedures similar to those used

for the wild-type and E78H enzymes [7]. After each round

of refinement, the models were compared with the respect-

ive electron-density maps and modified using the interactive

graphics display program O [26]. The default shelxl

restraints were used for the geometrical [27] and displace-

ment parameters; temperature factors were refined isotropi-

cally, because of the limited resolution of data. Water

oxygen atoms were refined with unit occupancies, although

some of the sites are probably only partially occupied. The

refinement results are also presented in Table 2. The

co-ordinates and structure factors have been deposited in

the Protein Data Bank (accession codes 1ZVJ and 1ZVK

for the D164N and E78H ⁄D164N mutants, respectively).

For comparisons, the structures were superimposed with

the program align [28].

Enzyme assay

Kinetic parameters for the enzymatic hydrolysis of the IQF

substrate were determined as described previously [7]. The

standard assay mixture contained various amounts of the
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substrate, 50 mm sodium acetate buffer, pH 4.0, and

the enzyme in a final volume of 300 lL. The stock enzyme

solution contained 0.1% (w ⁄ v) Tween 80. The assay mix-

ture without the enzyme was brought to 40 �C, and the

reaction was started by the addition of the enzyme (up to

50 lL). After incubation for 10 min, the reaction was

stopped by the addition of 300 lL 1 m Tris ⁄HCl, pH 9.5;

the mixture was then immediately chilled on ice. Fluores-

cence intensity changes in the reaction mixture (excitation

340 nm; emission 440 nm) were determined with a Shim-

adzu fluorescence spectrophotometer RF-5000. The blank

did not contain the enzyme. The fluorescence intensity

changes where known concentrations of the substrate were

completely degraded by the addition of an excess amount

of the collagenase under these assay conditions were also

determined and were used for calculations of enzyme activ-

ity. The absorption coefficient of the purified enzymes was

calculated from the amino-acid sequence [15] and used for

calculation of kcat values. Kinetic parameters and their

standard errors were determined from the initial velocity

data by nonlinear regression analysis [29]. The pH-depend-

ence of kinetic parameters was determined as described

above except that 0.1 m sodium acetate ⁄ 0.1 m sodium phos-

phate was used as the buffer component and the pH was

varied from 2.5 to 8.0; the buffering capacity was sufficient

for the present enzyme assays. The wild-type enzyme, the

mutants, and the IQF substrate (without added enzyme)

were all stable under the conditions of these pH-dependent

kinetic studies (pH 2.5–8.0, 40 �C for 10 min). However,

the enzyme was unstable at pH 9 or higher. Thus, the

enzyme reaction could be effectively terminated by the

addition 1 m Tris ⁄HCl, pH 9.5 (see above), even though

the E78H ⁄D164N mutant showed an optimum pH for cata-

lytic activity at pH > 7. The graphical method of Siegel

[30] was used to determine pKa values from the logkcat vs.

pH and logkcat ⁄Km vs. pH profiles.

Analysis of the ligation process of the

E78H/D164N mutant

A 100-lL portion of 50 mm sodium acetate buffer, pH 4.0,

containing the purified E78H ⁄D164N mutant (the nicked

form of the precursor, 55 lg; see above) was mixed with

400 lL 0.1 m Tris ⁄HCl buffer, pH 7.3, and the mixture was

incubated at 4 �C. At time intervals, an aliquot (15 lL) was
withdrawn and mixed with an equal volume of 0.125 m

Tris ⁄HCl, pH 6.8, containing 10% (v ⁄ v) 2-mercaptoetha-

nol, 4% (w ⁄ v) SDS, 10% (w ⁄ v) sucrose, and 0.004% (w ⁄ v)
bromophenol blue, followed by heat treatment at 97 �C
for 3 min. The sample (14 lL) was then analyzed by

SDS ⁄PAGE [21]. The pH-dependence of the ligation pro-

cess (at 4 �C for 5 h) was analyzed as described above

except that 0.1 m sodium acetate ⁄ 0.1 m sodium phosphate

was used as the buffer component for pH 2.5–7.4 (final

pHs) and 0.1 m Tris ⁄HCl buffer for pH 9.0. The intensities

of the protein bands were quantified by densitometry, using

a Shimadzu CS9000 apparatus (Shimadzu, Kyoto, Japan).
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